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ABSTRACT Nanoscale sensors enable the detection of analytes with improved signal-to-noise ratio but suffer from mass transport
limitations. Molecular shuttles, assembled from, e.g., antibody-functionalized microtubules and kinesin motor proteins, can selectively
capture analytes from solution and deliver the analytes to a sensor patch. This two-stage process can accelerate mass transport to
nanoscale biosensors and facilitate the rapid detection of analytes. Here, the possible increase of the signal-to-noise ratio is calculated,
and the optimal layout of a system which integrates active transport is determined.
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O
ne of the applications of nanoscale transport sys-
tems, such as molecular shuttles
1,2 and nanocars,
3
is the capture and concentration of biological ana-
lytes and their subsequent deposition at a sensing element.
The goal of integrating active transport into a sensor plat-
form is enhancing performance (quantiﬁed by sensitivity
AND response time) by accelerating analyte transport to the
sensor, because mass transport constitutes a bottleneck in
platforms based on nanoscale sensing elements.
4,5
The inspiration for this approach is of biological origin,
since motor proteins have been found to fulﬁll diverse
transport functions within cells.
6 For example, certain vi-
ruses “hijack” motor protein transporters to accelerate their
travel from the periphery of the cell to the nucleus.
7,8
Furthermore, a two-stage process of capturing an analyte on
a surface followed by surface diffusion to the target site has
been shown to be an effective approach to accelerate the
interaction of dilute analytes with small target sites in a
variety of biological situations.
9
The pursuit of such a two-stage sensor platform, where
analyte capture from solution is followed by a surface
transport process, is enabled by the development of nano-
scale sensing elements and of molecular shuttles capable of
capturing and transporting analytes.
10-14 Here, we calculate
the potential payoff of this design and the optimal layout of
a platform. We ﬁnd that the accumulation of analyte at the
sensor can be accelerated by several orders of magnitude,
which would overcome the mass transfer limitations for
nanoscale sensors pointed out by Sheehan and Whitman.
4
Our argument is organized as follows: We consider a
sensor site as it would exist on a microarray chip (Figure 1)
and calculate the number of analyte molecules collected at
the sensor patch if the analyte molecules reach the sensor
patch by three-dimensional (3D) diffusion (Figure 1A), by 3D
diffusion to the surface followed by two-dimensional (2D)
diffusive transport
15 to the sensor patch (Figure 1B), and
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FIGURE 1. A biosensor, such as a microarray, frequently employs
multiplexed sensor patches arrayed on a surface. Analytes may
reach the sensor patches by (A) conventional 3D diffusion to the
sensor patch of radius r, or two-stage capture of analytes by surface
transporters operating in a compartment with radius R and moving
to the sensor via (B) diffusive motion or (C) via directed movement
along deﬁned tracks.
pubs.acs.org/NanoLett
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transport
16,17 to the sensor patch (Figure 1C). We proceed
to discuss the implications for the signal-to-noise ratio of the
sensor platform and apply our calculations to published
experiments.
Since we are interested in very low analyte concentra-
tions (less than picomolar) and fast response times (less than
30 min available for the collection of analyte), we assume
that (1) detection is limited by mass transport and not by
the reaction rate between analytes and sensors,
18 (2) dis-
sociation of captured molecules can be neglected, and (3)
the saturation of sensors can be neglected. Our discussion
thus assumes that during the <30 min available for capture,
the capture rate is determined by the steady-state ﬂux of the
analyte to the sensor surface.
Single-Stage Analyte Capture. In conventional biosen-
sors, analytes diffuse in 3D until they encounter the sensor
and are captured. Under the assumptions stated above, the
number of analytes N accumulated on a disk-shaped sensor
of radius r can be calculated from the diffusion-limited
analyte ﬂux J3D-r
The steady-state ﬂux to a disk-shaped sensor in a dilute
solution of analytes is J3D-r ) 4DCr, where D is the diffusion
constant and C is the concentration of the analyte.
19 The
number of analytes captured by the sensor patch in time t
is then given by
In current microarrays, the sensor radius varies between 10
and 200 µm and a large number of analyte molecules is
rapidly accumulated.
20-22 Unfortunately, the accumulation
of analyte onto nanoscale sensors is extremely slow and
necessitates collection times of many hours (Figure 2).
4,23
Techniques to increase the analyte ﬂux, e.g., stirring or ﬂow,
are effective for sensors larger than 10 µm
21 but are not very
effectiveinincreasingtheanalyteﬂuxtonanoscalesensors.
4
This partially negates the advantages of nanoscale sensors
in the size range of 1 µm to 10 nm: a signal enhancement
duetothecaptureofanalytesintoconﬁnedsensorpatches,
5,24-28
and a reduction in the background noise due to the reduced
area of detection.
Two-Stage Analyte Capture. Adam and Delbru ¨ck have
shown that a two-stage capture process, where diffusion to
a surface is followed by diffusion on the surface to a
detection site, can increase the analyte ﬂux to the sensor if
the 2D surface diffusion constant is comparable to the 3D
diffusion constant and the dissociation rate of analyte from
the surface is small compared to the analyte capture rate.
9
Inthissituation,thenumberofanalytesNatthesensorpatch
as a result of the surface transport can be calculated from
where Ns is the number of analytes on the surface at time t
and τavg is the average time required for the analyte to ﬁnd
the sensor during the surface diffusion step.
The number of analytes at the surface Ns is determined
by the 3D-diffusive ﬂux J3D-S of analytes to the surface of the
sensor and the subsequent 2D-diffusive transport of these
analytes to the sensor
A two-stage capture process can be facilitated by using
molecular transporters that can capture the analytes from
solution and transport them from the capture area to the
sensor. Since the transporters do not cover the whole
surface, the ﬂux of analyte from solution to surface J3D-S is a
fraction f of the steady-state analyte ﬂux to the capture area,
which is assumed to be a circular surface compartment of
radius R, from solution: J3D-S ) 4fDCR. The fraction f is a
function of the number of transporters distributed over the
compartment surface, but Berg and Purcell
29 have shown
that even at low surface coverages it can be close to unity.
Solving eqs 3 and 4 with initial conditions NS ) 0a tt ) 0
and N ) 0a tt ) 0 yields the number of analytes captured
at the sensor
dN
dt
) J3D-r (1)
N ) 4DCrt (2)
FIGURE 2. Time for capture of ﬁrst 10 analyte molecules on a disk-
shaped sensor of radius r by 3D diffusion, 3D + 2D diffusion and
3D diffusion followed by directed active transport of analyte. We
assume a diffusion constant for 3D-diffusion of 80 µm2/s, 2D-
diffusion constant is taken as one-half (∼microtubule diffusion
constant on surface) or one-tenth (∼protein diffusion constant in a
lipid bilayer) of the 3D-diffusion constant, an analyte concentration
C of 1 pM, a compartment radius R of 100 µm, an active transport
velocity of 0.5 µm/s, and a capture fraction f of 0.9.
dN
dt
)
NS
τavg
(3)
dNS
dt
) J3D-S -
NS
τavg
(4)
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the geometry of the surface and sensor and the character
of the transport (diffusive or directed). If the sensor patch is
located in a circular compartment with radius R and the
motion of the analyte transporter on the surface is diffusive,
Purcell and Berg
29 have shown that τavg is given by
where D′ is the surface diffusion constant. If the motion of
the analyte transporter is one-dimensional, i.e., directed
toward the sensor, then the averaged time for analyte to
reach the sensor is given by
where Lavg is the average distance traveled by a transporter
to reach the sensor and v is the velocity of surface transport.
Discussion. Molecular shuttles powered by biomolecular
motorshavebeendesignedbasedonthemicrotubule-kinesin
or the actin-myosin system.
13,30 A common design for the
microtubule-kinesin system is to adhere the kinesin motors
to the surface and utilize the immobilized motors to propel
microtubules, which serve as the transporter. Speciﬁc ana-
lytes can be captured and transported by functionalizing the
microtubules with antibodies or aptamers.
10,31-34 The path
of the gliding microtubules can be controlled by patterning
tracks on the surface.
16 Finally, the activity of the motors
can be controlled by regulating the supply of the substrate
ATP.
35
On an unpatterned surface, each shuttle moves on a
trajectory approximating a wormlike chain.
15,36 Thus, while
the trajectory is ballistic over distances much smaller than
the trajectory persistence length, over distances larger than
the persistence length the path can be described as a 2D
random walk with a diffusion constant D′ given by Lpv,
where Lp is the persistence length of the microtubule trajec-
tory.
37Here,themovementismodeledentirelyasadiffusive
process, while a more complete treatment might consider
diffusive transport to a circular boundary surrounding the
sensor patch with radius Lp and ballistic transport inside this
boundary.
On a surface patterned with a suitable network of tracks,
the microtubule movement can be guided to the sensor
patch with a microtubule velocity v. Initially, the microtu-
bules are assumed to be oriented toward and away from the
sensor with equal probability, which causes half of them to
travel along the track to the periphery of the compartment,
reorient, and return.
Molecular shuttles can be integrated into a conventional
microarray biosensor (Figure 1B), by replacing each of the
spots with a compartment of radius R. The compartment
surface can be coated with kinesin, which supports the
movement of functionalized microtubules serving as mo-
lecular shuttles. These shuttles capture analytes from the
solution and transport them to a central nanoscale sensor
of radius r.
If there are NMT microtubules on the compartment sur-
face, the diffusion-limited steady-state ﬂux of analytes to the
microtubule coated surface is a fraction f of the analyte ﬂux
to the whole surface of the compartment (given by J3D-R )
4DCR) with f given by (eq 2.23 and 2.25 in ref 19)
where lMT is the average length of the microtubules and dMT
is the diameter of the microtubules. As NMT, the number of
shuttles in the compartment, becomes very large, f tends to
1. For a compartment with a radius of 100 µm, a typical
density of one shuttle per 100 µm2 and a microtubule length
of 5 µm and width of 25 nm, the fraction of the maximal
analyte ﬂux harvested would be 80%.
The number of analytes delivered by the shuttles to the
sensor patch can be determined using eq 5. If microtubules
move diffusively on an unpatterned surface (Figure 1B, top),
the average time to deliver a captured analyte to the sensor
patch can be determined from eq 6. The number of analytes
accumulated at the sensor is given by
If shuttles are directly guided to the sensor patch by tracks,
the average time to deliver a captured analyte to the sensor
is given using eq 7 where Lavg ) R - r. Thus
and eq 5 can be rewritten as
N ) 4fDCR[t - τavg(1 - e
-t/τavg)] (5)
τavg ) R
2
2D′[ln(
R
r ) - 3
4] (6)
τavg )
Lavg
v
(7)
f
-1 ) 1 + 2R
πlMTNMT
ln(
2lMT
dMT) (8)
N ) 4fDCR{t - R
2
2Lpv[ln(
R
r ) - 3
4][1 -
e
-(2Lpvt)/(R2(ln(R/r)-3/4))]} (9)
τavg ) (R - r)
v
(10)
N ) 4fDCR[t - (
R - r
v )(1 - e
-vt/(R-r))] (11)
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process using molecular shuttles is plotted for different
detection times (15, 30, 60 min) and sensor sizes (radius 1,
10, 100, 1000 nm) in Figures S1 and S2 in Supporting
Information. Typical values for analyte diffusion constants
aswellasshuttlevelocitiesandtrajectorypersistencelengths
have been assumed.
Figure 2 shows that for nanoscale sensor patches a two-
stagecaptureprocesscansigniﬁcantlyacceleratetheanalyte
capture compared to a single-stage 3D diffusion capture
process. Furthermore, directed movement of molecular
shuttles along tracks provides a relatively small advantage
over diffusive movement on an unpatterned surface.
Equations 9 and 11 can be used to optimize the design
of the sensor (Figure S2 in Supporting Information). For
diffusive shuttle movement on an unpatterned surface, the
size of the collection compartment has an optimum at which
the number of collected analytes is maximal. This optimal
compartment size depends primarily on the time available
for detection (Figure S1 in Supporting Information), and it
represents a balance between the number of shuttles col-
lecting analytes and the average time needed to reach the
sensor. For kinesin-powered molecular shuttles, the optimal
radius of the collection compartment is on the order of 100
µm for a 30 min detection window. For directed shuttle
movement on a patterned surface, the number of collected
analytes increases asymptotically with increasing compart-
ment radius (Figure S2 in Supporting Information). The
optimum design parameters are plotted for speciﬁc sensor
sizes and detection times in Figure S3 in Supporting Infor-
mation.
Implications for the Signal-to-Noise Ratio. A counter-
argument to the use of molecular shuttles is that the perfor-
mance comparison should be made between the molecular
shuttle sensor and a diffusion-based sensor of a size equal
to the size of the collection compartment. Since the analyte
ﬂux to the compartment surface is larger than the analyte
ﬂux delivered by the shuttles to the nanoscale sensor patch
(see eq 8), the traditional, microscale sensor should actually
perform better.
However, the key metric to consider is the signal-to-noise
ratio (SNR) of the sensor. Several sources contribute to the
noise, including the shot noise of the signal, the noise
introducedbyabackgroundsignal,andthenoiseintroduced
by the detection system. A reduction in the size of the sensor
patch is often accompanied by a corresponding reduction
inthesizeofthebackgroundsignal,whichimprovestheSNR
if all other contributions are unchanged.
For example, in ﬂuorescence imaging a reduction in the
illuminated area is accompanied by a reduction in the
illumination of out-of-focus planes with a concomitant de-
creaseintheﬂuorescencebackgroundanditsaccompanying
noise term. Similarly, problems with cross-reactivity and
nonspeciﬁc adsorption may be reduced for a smaller sensor.
In summary, the SNR is increased for a sensor device
integrating active transport if the small loss in the number
of collected analytes is overcompensated by a large reduc-
tion in the background signal or if the noise introduced by
the signal transduction mechanism in the sensor is signiﬁ-
cantly reduced as a result of the miniaturization to the
nanoscale.
38
Application of the Model. The above-described analysis
can be applied to two experimental systems recently de-
scribed in the literature. The sensor design by Lin et al.
employs capture of analytes in a compartment (radius ∼90
µm) onto microtubules followed by directed transport into
the sensor area (radius ∼10 µm).
11 Assuming an initial
microtubule density within the compartment of 0.05 µm-2
and an average microtubule length of 5 µm, eq 8 yields f )
0.95. In this system, the microtubules are stationary while
capturing analytes for 1 min. Then the analyte solution is
replaced with a motility solution that triggers microtubule
movement. After a collection period of 14 min, all of the
microtubules have reached the sensor area.
At a typical analyte concentration studied by Lin et al.,
e.g., 1 pM, approximately 1000 analytes would be captured
at the sensor patch. Although the sensor design by Lin et al.
does provide the proof of principle of a two-stage capture
biosensor, it is not yet optimized for an increased SNR. In
fact, 3D diffusion based capture of 1 pM streptavidin at the
sensor with 10 µm radius would result in approximately
1700 captured molecules. The sensor design utilized by Lin
et al. can be modeled by modifying eq 11 to incorporate
analyte capture by stationary microtubules followed by
directed transport toward sensor, which yields
where tAT is the time for which the microtubules are actively
transported toward the sensing area. The optimum design
forthissetupand15mindetectiontimeis11minforanalyte
capture and 4 min of active transport and yields 8000
captured molecules.
Fischer et al.
12 developed a two-stage sensor design
where the shuttles capture the analyte in the center of a
circular well and deliver it in a diffusive motion to the sensor
periphery for detection. If the density of shuttles is high
enough at all times, changes in f can be neglected and eq 5
canbeappliedtothisdesign,eventhoughtheshuttledensity
decreases over time. As the captured analytes are trans-
ported to the periphery rather than the center, the average
transport time in this case is given by
where, D′ ) Lpv with Lp being the trajectory persistence
lengthandvthevelocityoftheshuttle.
37Foradetectiontime
N ) 4fDCR[t - tAT][1 - e
-vtAT/(R-r)] (12)
τavg ) R
2
8D′
(13)
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partment radius is 375 µm (Figure 3), while a radius of 400
µm was employed. However, if even shorter detection times
are desired (e.g., 15 min), this radius should be smaller (250
µm).
Conclusion. As Adam, Berg, and Delbru ¨ck recognized
4 decades ago, the scaling of diffusion processes to the
nanoscale has nonobvious consequences and enables
distinct approaches to the capture and detection of mo-
lecular analytes. A careful evaluation of the combination
of diffusive transport with novel active transport mecha-
nisms, such as molecular shuttles, demonstrates that
analyte capture can be accelerated by orders of magnitude
if the system is suitably designed. Furthermore, the
analysis can be applied to transporters under develop-
ment, such as nanocars,
3 to deﬁne the benchmarks these
transport systems have to meet to be advantageously
employed in a sensor system.
Of course, the presented analysis of the mass transport
situation does not capture the full complexity of sensor
systems. For example, nonspeciﬁc and adventitious ad-
sorption of analytes to the surface
39 or the complex nature
of the analyte-shuttle interaction
40 may complicate the
picture. However, an accounting of diffusion and active
transport are the foundation of rational sensor design.
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